Introduction
[2] Because of its climatic, environmental and geochemical importance, many attempts have been made to simulate the dust aerosol at a regional and global scale by using microphysical, radiative transfer, chemical transport, weather forecasting, and climate models [Ginoux et al., 2001; Gong et al., 2003b; Liu et al., 2003; Marticorena and Bergametti, 1995; Shao et al., 2003; Tegen and Fung, 1994; Uno et al., 2003; Zender et al., 2003] . A challenge in dust aerosol modeling is to accurately parameterize the emission rate of dust particles in all size ranges for natural surfaces on basis of the current understanding on the physical processes involved in this wind forced movement of soil dust particles. Efforts have been made to develop dust emission schemes such as by Alfaro et al. [1997] , Alfaro and Gomes [2001] , and Marticorena and Bergametti [1995] (hereinafter referred to as MBA) and by Shao [2001 Shao [ , 2004 . It is widely considered that the main mechanism for dust emission is saltation bombardment and aggregates disintegration controlled by two factors: surface wind speed and soil surface properties [Shao, 2000] . The MBA and Shao emission schemes adapted a different parameterization for the mechanism and the influence factors and hence yielded different simulation results from their integrated modeling system. Although the recent achievements in soil dust modeling are significant, especially for Asian dust storms during ACE-Asia (Aerosol Characterization Experiment), the capability for dust aerosol modeling and quantitative prediction of dust storms remains quite limited [Sokolik et al., 2001] . During ACE-Asia, various models performed well in terms of predicting the frequency and general location of the dust emissions associated with Asian dust storms. However, there were large differences in dust emissions simulated by the various models [Huebert et al., 2003] . To investigate and isolate the impacts of emission schemes, the MBA and Shao dust emission schemes were implemented into a regional climate model with a sizedistributed active aerosol algorithm: NARCM (Northern Aerosol Regional Climate Model) [Gong et al., 2003a [Gong et al., , 2003b ] to simulate east Asian dust storms in March 2002. Focus in this paper is on how the different parameterizations in the two schemes affect the simulations on Asian dust aerosols. The objectives are to improve the understanding on the main mechanism and the controlling factors for Asian dust emission and their parameterizations in Asian dust modeling and prediction.
Assessment of Parameterizations in Dust Emission Schemes
[3] A dust emission scheme comprises three key components: (1) the threshold friction velocity u* t at which wind erosion is initiated, (2) the horizontal (streamwise) and vertical dust emission flux and (3) the surface and soilrelated factors influencing either the threshold friction velocity or the dust fluxes. With coupling the MBA and Shao dust emission schemes into a box version of NARCM, an assessment of the parameterizations for the three components in each scheme is first carried out.
Threshold Friction Velocity
[4] It is generally recognized that soil dust particles are mobilized only for wind speed greater than a threshold value [Marticorena and Bergametti, 1995; Shao and Lu, 2000] . This threshold of wind speed depends on the threshold friction velocity, u* t , at which the wind erosion is initiated. For a smooth surface, the threshold friction velocity in the Greeley-Iversen expression [Greeley and Iversen, 1985] is introduced by Marticorena and Bergametti [1995] in the MBA scheme: 
where , r p and r a being particle and air density.
[5] Shao and Lu [2000] presented a simple expression for u* t for spherical particles loosely spread over a dry bare surface. The expression in Shao's emission scheme for calculating u* t is
with A N being around 0.0123, g being around 1.65*10 À4 kg s À2 and d p = r p /r a .
[6] Figure 1 shows the comparison of the threshold friction velocity u* t in the MBA and Shao schemes. For the soil grain size range 40 < d < 400 mm, u* t in both schemes is in good agreement with the same minimal values but differ somewhat for the other particle size ranges. It should be noted, that the differences of u* t between the MBA and Shao schemes increase as the particle size decreases.
Dust Emission Mechanism
[7] The main mechanism for dust emission is widely considered to be saltation bombardment and aggregates disintegration. Both the MBA and Shao emission schemes have taken into account of these mechanisms with the parameterizations for the calculation of horizontal (streamwise) saltation flux Q and vertical dust emission rate F for various particle sizes.
[8] The horizontal dust mass flux or streamwise saltation flux Q describes the intensity of saltation. Q is calculated in both schemes using the White [1979] sand flux equation:
where Q is expressed as a function of friction velocity u* and threshold friction velocity u* t , c is a constant of proportionality with a value of 2.6 and R = u* t /u*.In the MBA scheme an addition of u*, above the nonsaltating wind friction velocity caused by saltating sand grains is also considered. The dust emission rate is usually defined to be vertical mass flux of dust particle at the surface. The parameterization on dust emission rate is to establish a relationship between the vertical dust flux F and the streamwise saltation flux Q with the energy-based approach Figure 1 . Relationship of threshold friction velocity to particle diameter in the MBA and Shao emission schemes.
in the MBA scheme and the volume-removal based approach in the Shao scheme [Shao, 2000] .
[9] The energy-based parameterization in the MBA scheme is derived on the basis of the energy balance of a saltating particle during the particle and surface collision between the kinetic and binding energy. In the saltation and sandblasting process, the fine particles released either from saltating aggregates or from the surface depend on the individual kinetic energy [Alfaro et al., 1998 ]. The mass median diameters (d i ), standard deviations (s i ) for the log normally size distributions and binding energies (e i ) of three aerosol populations (i = 1, 2, 3) are introduced in NARCM by considering the soil features in Asia, especially in China, and source region dust size distribution measurements [Gong et al., 2003b] . The kinetic energy flux dF kin (d) of saltating aggregates with diameter from d to d + Dd is proportional to the corresponding horizontal mass flux dQ(d) [Alfaro et al., 1997; Alfaro and Gomes, 2001] :
with b = 16,300 cm s
À2
. By defining the fraction p i = p i (d) from the binding energies (e i ) and the individual kinetic energy of an aggregate [Alfaro et al., 1997] , the fraction of dF kin (d) that is available to release particles of the ith aerosol population is p i bdQ(d) and its particle number flux
Consequently, the vertical mass flux for the ith aerosol population with the aerosol particle size d i is
[10] In contrast to the energy based parameterization in the MBA scheme, the Shao scheme proposed the volume removal -based parameterization, which estimates dust emission rate on the basis of volume removal caused by saltating particles as they impact the surface [Lu and Shao, 1999] . A simplification of dust emission equation [Shao, 2004] in the Shao scheme is expressed as
where c y is a dimensionless coefficient and g is a function specified as g = exp [À(u* À u* t )]; Q is the dust streamwise saltation (horizontal mass) flux of aggregate size d; s p is free dust to aggregated dust ratio and s m is the ratio between mass of impacting particle and mass ejected by bombardment. s m can be also written as
where p is soil plastic pressure, and soil bulk density r b = 1000 kg m À3 .
[11] The physical basis for both schemes is that vertical dust emission rate F is proportional to saltation flux Q. However, the proportionality depends on the dust particlebinding energy e i in the MBA scheme and soil plastic pressure p in the Shao scheme. Uncertainties of dust emission rate were involved in specifying e i or p. With the estimated binding energy by considering the soil features in the arid and semiarid regions in China ] NARCM reasonably modeled Asian soil dust during ACE-Asia 2001 and its 44-year climatology [Gong et al., 2003b; Zhang et al., 2003; Zhao et al., 2003] . The soil plastic pressure p, required by the Shao scheme varies between 10 3 Pa for loose sandy soils and 10 5 Pa for hard crusted clay soils [Shao, 2004] , which controls significantly dust emission flux ( Figure 2 ). According to the comparison of dust emission simulation from the binding energy-based MBA scheme, the soil plastic pressure p applicable to Asian deserts for the Shao scheme is set to be 1000 Pa for sandy, 5000 Pa for loamy, silty and 10,000 Pa for clay soils in the NARCM modeling on east Asian dust storms ( Figure 3 ). These p values are within the range of soil plastic pressure suggested by the comparisons with several data sets published in the literature [Shao, 2004] , so that both schemes could produce the comparable dust emission fluxes before the effects of surface and soil-related factors are considered ( Figure 3 ).
Surface and Soil-Related Factors
[12] The surface and soil-related factors that strongly affect dust emission mainly include soil moisture, soil texture and the presence of surface roughness elements with vegetation covers. A pragmatic approach to account for their impact on surface dust emission is through the correction of the threshold friction velocity u* t (d), with the following form
The MBA and Shao schemes adapted different approaches to parameterize the roughness correction function f l for the fraction l of area covered by surface roughness elements and the soil moisture correction function f w for the soil moisture w.
[13] Taking into account the effects of nonerodible elements in the grid by using a roughness length parameterization, the MBA scheme estimates the roughness correction function with the following drag partitioning parameterization [Marticorena and Bergametti, 1995] : where Z m (cm) is the initial roughness length of heterogeneous land covers and z 0S ($10 À3 cm) is the local roughness length of the uncovered surface. The effective roughness length [Taylor, 1987] is introduced into the MBA scheme to define the reasonable overall roughness length Z m of heterogeneous land covers (roughness elements plus underlying, uncovered surface) over a model grid in NARCM. An effective roughness length Z m from a spatial average of the logarithm of the local micrometeorological roughness length over a model grid square is given by
where ln Z 0 is a grid square average over all vegetation covers and erodible deserts with their fractions. Given roughness length Z o for each land use category of all vegetations according to the definition of Gong et al. [2003b] , f l in the MBA scheme is a function of the cover fractions of vegetations and erodible deserts. The range of estimated roughness length for east Asian deserts in the MBA scheme with the magnitude between 10 À4 and 10 À2 cm is consistent with the estimation of the roughness length map derived from the satellite POLDER/ADEOS for the same regions [Laurent et al., 2005] and also comparable to the roughness length experimentally determined for an interdunal area and desert flats in the Namibia desert (4 Â 10 À3 cm and 4.2 Â 10 À2 cm) [Greeley et al., 1997] . [14] In Shao's scheme an alternative approach to drag partitioning is used to represent the effect of roughness elements in terms of frontal area index, which quantifies the density of roughness elements on the surface. The roughness correction function f l in Shao's scheme is based on the following expression [Raupach, 1992] :
where s r , the basal element area to frontal area ratio, is 1, m r , a tuning parameter to account for nonuniformity in the surface stress, is 0.5 and b r = 90 [Raupach et al., 1993] . The frontal area index l is estimated from the vegetation cover fraction a c in l = ÀC l ln (1 À a c ) with the empirical coefficient C l = 0.35 for the roughness of stubble [Shao, 2000] .
[15] The influences of above-parameterized f l in the MBA and Shao schemes on dust emission rate F were shown in Figure 4 , considering the natural situations in Asian arid and semiarid regions sparsely covered with grass. The friction velocity u* of 30, 45 and 60 cm s À1 in Figure 4 corresponds respectively with the measured surface wind speed between 9 and 15 m s À1 for dust storms and the maximal wind speed 22 m s À1 for the severe dust storms in east Asia in March 2002 [Shao et al., 2003] . The difference of F between both schemes is more obvious over the areas with the partly vegetated cover of erodible surface at lower wind speed (Figures 4a and 4b ), indicating that within the range of surface wind speed for Asian dust storm the impact of the vegetation covers on dust emission is more sensitive to the cover fractions of nonerodible surface in the MBA scheme. In these ranges of conditions, the MBA scheme may produce little dust flux while the Shao scheme still generates substantial amount of dust flux. This may not have a great impact on the dust emission from the totally erodible surface over the deserts, but it certainly will produce the differences in the emission rate over the partly vegetated area of deserts between the two schemes, which will result in a difference in the spatial distributions of dust emission sources in the model domain.
[16] The soil moisture correction function f w [Fécan et al., 1999] in the MBA scheme can be expressed as a function of soil moisture and clay contents: [17] Alternatively, f w in the Shao scheme is an empirical function based on the observations during the wind tunnel experiments [Shao et al., 1996] and can be written as 
here f w is only a function of volumetric soil moisture w. Knowing the soil bulk density r b , the volumetric soil moisture in (11) can be calculated from the gravimetric soil moisture in (10). Assuming r b = 1000 kg m
À3
, the values of gravimetric and volumetric soil moisture are identical.
[18] To evaluate the sensitivity of the soil moisture correction function f w to dust emission, the comparisons were made on the simulations of vertical dust flux with the change of soil moisture w in Figure 5 . The soil clay content as additional parameter in the MBA scheme is set to zero in the deserts for the comparison. As shown in Figure 5 , it is physically reasonable to have no dust fluxes for a bare surface with both schemes even for a very high wind friction velocity due to the parameterization of soil moisture correction function f w of equations (10) and (11) for the threshold friction velocity u* t (equation (7)). The high soil moistures bring a large f w and a strong u* t . When a threshold friction velocity u* t corrected by equation (7) exceeds the actual wind friction velocity u*, no wind erosion is initiated for any surfaces. Though both parameterizations presented the descended trends in dust emission with the high soil moisture, the trends profoundly differ with the clear gaps in the maximal (threshold) soil moistures, below which wind erosion is initiated, especially at the strong wind speeds (Figures 5b and 5c ). This implies that in the most cases of Asian dust storms, the Shao scheme would produce much less dust emission than the MBA scheme because of the difference in parameterizing the impact of soil moisture.
Comparison of NARCM Simulation on Asian Dust Storm
[19] NARCM is a modeling system in which the Canadian Regional Climate Model (RCM) is coupled with the Canadian Aerosol Module: CAM [Gong et al., 2003a] . RCM includes the physics package from the Canadian Global Climate Model [McFarlane et al., 1992] , a semiLagrangian and semi-implicit transport scheme for dynamics and passive tracers [Robert et al., 1985] and Canadian Land Surface Scheme: CLASS [Verseghy, 1991] considering three soil layers, a snow layer where applicable, and a vegetative canopy treatment. The averaged volumetric liquid and frozen moisture contents are modeled for each soil layer as prognostic variables. The layer depths currently used are 0.10, 0.25 and 3.75 m. The soil moisture content in the first model layer (0.10 m) was used to drive the soil dust emission scheme. NARCM possesses all the atmospheric aerosol processes: production, transport, growth, coagulation, dry and wet deposition and an explicit microphysical cloud module to treat aerosol-cloud interactions. A sizesegregated multicomponent aerosol mass conservation equation in CAM is expressed as follows [Gong et al., 2003a] :
where the rate of change of mixing ratio of dry particle mass constituting p in a size range i has been divided into factor terms (or tendencies) for transport, sources, clear air, dry deposition, in-cloud and below-cloud processes. The transport includes resolved motion as well as subgrid turbulent diffusion and convection. The sources include (1) surface emission rate of both natural and anthropogenic aerosols and (2) production of secondary aerosols (i.e., airborne aerosol mass-produced by chemical transformation of their precursors). The latter together with particle nucleation, condensation and coagulation contribute to the clear-air processes. Dry deposition of gases and particles affects the ''Dry'' tendency. Scavenging in in-cloud and below-cloud processes is regarded as wet deposition of gases and particles.
[20] To further investigate the sensitivity of dust storm simulations to dust emission schemes, 3-D simulations with NARCM were conducted for east Asian dust storms in March 2002. The meteorological boundary and initial conditions for RCM are driven with the 6-hourly NCEP reanalyzed meteorological data for the period. NARCM runs on a stereographic projection with a horizontal resolution of 45 km at 60°N and 22 vertical levels on a Gal-Chen terrain following coordinate system from ground to about 30 km. The integration time step was 20 min. Twelve diameter classes from 0.01 to 40.96 mm were used to represent the size distribution of all aerosols. All atmospheric aerosol quantities including dust emission fluxes, concentrations and deposition were calculated for each size bin. The size distributed dust emission schemes from MBA and Shao were integrated to calculate the dust emission for the source term in NARCM. The same data sets for the desert distribution/texture and satellite derived land use/roughness length provided a coherent input parameter set for both MBA and Shao emission scheme arid and semiarid regions in east Asia.
[21] The modeled dust emissions for a dust storm in March 2002 with MBA and Shao emission schemes were compared in Figure 6 . The dust emission sources for this period with the MBA scheme distributed over desert areas in eastern Mongolia (source S3), eastern and central north China (source S1 and S2), where the dust emission strengths were much higher than those with the Shao scheme, especially in source S2, whose dust emission almost vanished with the Shao scheme. However, the quantity of modeled dust emission with the Shao scheme is higher over the arid and semiarid regions in north western China (source S4 and S5), eastern Kazakhstan and western Mongolia (source S6), where the additional dust emission sources S4 and S6 for March 2002 were simulated with the Shao scheme. Figures 7a, 7b and 7c show the comparison of time series of soil dust concentrations simulated with both schemes and EPM 10 at the city stations in northern China. The equivalent PM 10 (particulate matter <10 mm) concentrations (EPM 10 ) were deduced from the AQI data that include all particulate matter sources. This EPM may overestimate the dust concentration during nondust event but is a good indication of relative dust concentrations across China, especially during dust episodes. NARCM simulations with both schemes captured the dust storm episodes with a severe dust storm even around 20 March 2002 (Figure 7) . However, the simulated surface dust concentrations with the Shao scheme were much lower in eastern and central north China (Figures 7a, 7b and 7c ) and higher in western China (Figure 7d ) than those with the MBA scheme. Compared with the surface measurements of heavy Asian dust event around 20 March 2002 [Han et al., 2004; Shao et al., 2003; Sugimoto et al., 2003] , NARCM simulation with the MBA scheme reproduced more realistic surface dust concentrations in north China. The daily analysis on atmospheric dust loading from 17 to 23 March 2002 showed that the dust aerosol was transported from emission sources eastward across the downwind areas in northeast Asia during this severe dust storm with both the MBA and Shao schemes. Figure 8 presented the daily averaged dust aerosol loading on 19 March 2002 over the NARCM model domain. Both schemes simulated the similar spatial distributions of Asian dust column loading, but the magnitudes of atmospheric dust loading were also much higher with the MBA scheme, caused by the differences in the modeled dust emissions between the MBA and Shao schemes in Figure 9 . The source S1, S2 and S3 in eastern Mongolia, eastern and central north China dominated the differences of dust emission between the MBA and Shao schemes ( Figure 9 ) and contributed most of atmospheric dust loading ( Figure 8 ) and surface concentration (Figures 7a, 7b and 7c) over the downwind areas for the Asian dust storm. Additionally, the source region S4, S5 and S6 were also the important emission sources for the dust storm over the downwind areas (Figure 7d ) in the model domain from the simulation with the Shao scheme.
[22] Key parameters responsible for those differences in the modeled dust emissions between the MBA and Shao emission schemes ( Figure 6 ) were explored. As discussed in section 2, both schemes use the different parameterizations in the calculation of threshold friction velocity, vertical dust emission flux, surface and soil-related factors, thus resulting in the differences in the dust emissions. From the evaluations on the impacts of the parameters such as soil texture, fraction of vegetation cover and soil moisture on dust emission with the variation of friction velocity (Figures 3, 4 and 5) , it is found that the parameterizations on the impacts of soil moisture and fraction of vegetation cover are the dominant factors in producing the significant differences in dust emission rate between two schemes. Figure 10 shows the fraction of erodible desert cover and modeled soil moisture for March 2002 in east Asia to discuss their relationship with the differences of modeled dust emissions. The soil moisture exceeded 0.04 m 3 m À3 over the most dust source areas of S1, S2 and S3 in eastern Mongolia, eastern and central north China (Figures 6 and 10) . Under that soil moisture the Shao scheme produced very little dust emission, even at the high wind speed (Figures 5b and 5c ). The surface moisture between 0.07 and 0.1 m 3 m -3 in the region S2 inhibited most of dust emission from the Shao scheme (Figures 6b and 10) . The soil moisture and its parameterization are of critical importance to the simulations on Asian dust storms. The vegetation cover and the parameterization associated with drag partitioning also play a key role in dust emission modeling. The higher dust emission sources modeled with the Shao scheme in north western China and western Mongolia (source region S4, S5 and S6 in Figure 6 ) spread over the partially vegetated areas with a smaller cover fraction of deserts, mostly corresponding with the relative lower soil moisture there (Figure 10 ). This reflects the factor that the Shao scheme produces more dust emission from deserts with the vegetation cover than the MBA scheme (Figure 4 ).
Summary
[23] Although the simulations of Asian dust storms from various models coupled with the MBA and Shao schemes showed the possibility to simulate and forecast Asian dust storms with reasonable success [Gong et al., 2003b; Shao et al., 2003 ], limitations and uncertainties remained for a quantitative dust modeling and prediction due to complex nature of the processes involved in the parameterizations of dust emission and transport. An assessment of the two emission schemes in NARCM found that the parameterizations of surface and soil-related factors including soil moisture and vegetation cover played a dominant role in causing the uncertainties and differences for quantitative modeling of east Asian dust storms between the MBA and Shao schemes.
[24] It is impossible to accurately determine the magnitude of the forces acting on small particles. The uncertainty in the prediction of threshold friction velocity consequently becomes larger as the particle become smaller [Shao and Lu, 2000] , as shown in the comparison of parameterizations between the MBA and Shao schemes.
[25] The MBA and Shao emission schemes for vertical dust flux are energy-based and volume removal mechanisms, respectively. Proprietary parameters such as binding energy for dust grains in the MBA scheme and soil plastic pressure for the Shao scheme vary to a large degree, even for a given location and time. The difficulties in estimating those parameters have proved to cause the major uncertainties in the quantitative modeling. The soil plastic pressure applicable to Asian deserts for the Shao scheme are chosen with 1000 Pa for sandy, 5000 Pa for loamy, silty and 10,000 Pa for clay soil in the NARCM modeling. Observations for these parameters in the source regions are urgently needed.
[26] The drag partitioning approaches have been developed under large assumptions and described best the wind tunnel data for situation of uniform roughness elements. There are nonerodible (vegetated) and erodible lands for the nature surface. It is very difficult to determine the frontal area index accurately in practice for the drag partitioning in the Shao scheme. An effective roughness length for drag partitioning in the MBA scheme considered the different roughness length for the various land use categories in the nonerodible lands and could form the roughness element density of each category and the overall roughness length in a grid depending on the model resolution. High-resolution satellite observations of roughness length for the whole simulation domain would provide a coherence data set to calibrate the two parameterizations.
[27] Being a quantity governed by atmospheric and surface hydrological processes, soil moisture is difficult to measured or modeled with accuracy, especially over large desert areas. In NARCM the observed and predicted values agree to within a factor of two while the spatial distributions of arid and semiarid regions are reasonably well represented [Gong et al., 2003b] . Furthermore the physical aspects about the impact of soil moisture on dust emission are quite differently parameterized in the MBA and Shao schemes. Those all suggest that accurate measurement and modeling of the surface soil moisture and the improvements of landsurface parameterization are imperative in soil dust modeling and prediction.
[28] Because of the difference in the parameterizations for the above mentioned processes, the NARCM simulation with the MBA emission scheme yielded more reasonable dust surface concentrations for most of the east Asian domain than with the Shao scheme except for the western China for March 2002.
[29] Ultimately, any dust emission scheme should be evaluated and calibrated with filed measurement data. Dust flux measurements of both horizontal and vertical movements are critically needed under various meteorological and surface conditions. Parameters in various schemes need to be assessed with such closure experimental data. Satellite observations of soil moisture and snow cover should be adapted in future dust emission estimates. By analyzing the relevance or the weakness of the different emission schemes through the comparisons of the simulations with the comprehensive observations for a longer time period, the ensemble forecast of Asian dust storms could be realized in further studies.
